Abstract. We investigate morphological differences in three-dimensional (3-D) images with cellular resolution between nonmelanoma skin cancer and normal skin using Gabor domain optical coherence microscopy. As a result, we show for the first time cellular optical coherence images of 3-D features differentiating cancerous skin from normal skin. In addition, in vivo volumetric images of normal skin from different anatomic locations are shown and compared.
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Introduction
The skin is the largest organ of the human body. Its key roles are to cover the internal organs, serve as a barrier to external pathogens and elements, and control homeostasis through thermoregulation and prevention of water loss. Because it is in constant contact with physical, chemical, and biological factors, the skin is susceptible to the development of various benign and malignant tumors. Nonmelanoma skin cancer (NMSC), which includes basal cell carcinoma and squamous cell carcinoma, comprise the most prevalent human cancers, with numbers exceeding that of all other cancers combined. 1 Also referred to as keratinocyte carcinomas, they derive from keratinocytes in the epidermal layer of the skin. This superficial nature facilitates their detection, treatment, and observation in response to treatment. 2 Recent reports estimate that the number of skin cancers in the United States has reached epidemic proportions, with an annual incidence as high as 3,000,000, and this figure is increasing worldwide. 3 Even though many cutaneous diagnoses can be assessed by physical examination by a dermatologist, skin biopsy remains the gold standard for confirmation of clinical findings. However, biopsy of the skin is time-consuming, costly, and has inherent risks such as bleeding, infection, and scarring. Hence, the demand for noninvasive imaging with cellular resolution is increasing for diagnosis of diseases, monitoring of skin changes over time, and observing responses to various therapeutic interventions.
To date, several noninvasive techniques using both optical and nonoptical sources have been reported but have yet proved to replace the diagnostic role of standard histologic methods. Among nonoptical approaches, high-frequency ultrasound and microscopic magnetic resonance imaging offer limited resolution but satisfactory imaging depth. 4, 5 The optical properties of skin such as scattering and absorption are nonhomogeneous as a result of different refractive indices and absorption coefficients of skin layers and microstructures. These heterogeneous optical properties can be used to create contrast in imaging of the skin. Among the noninvasive and optical imaging methods, dermoscopy is the only modality used routinely in the clinical setting given its ease of use and cost-effectiveness at differentiating skin tumors with spectral reflectivity. However, dermoscopy has low resolution and does not support depth resolution. Reflectance confocal scanning microscopy (RCSM) and label-free two-photon fluorescence microscopy (TPFM) have provided cellular-level resolution and depth sectioning. They have been used widely in clinical investigations to identify NMSC, however, to an imaging depth that is most often 200 to 300 μm. Depth-sectioning capability using a confocal detection mechanism degrades quickly as a result of scattering of light as it passes through skin, resulting in out-of-focus photons that are transmitted through the pinhole onto the detector. This rapidly decreasing contrast as a function of depth limits the usable depth and, hence, utility of imaging. In addition, axial resolution is intrinsically limited in confocal microscopy and thus requires an extremely high numerical aperture (NA) that is sensitive to optical aberrations as the light is focused deeper into tissue. On the other hand, the high NA significantly limits the depth of focus. For example, Rajadhyaksha et al. reported the optimum range of parameters such as wavelength, power, magnification and NA of the objective lens, pinhole diameter, and immersion medium in RCSM to achieve the maximum depth, field of view, and resolution. As a result, the system achieved in vivo confocal images of human skin cells up to a 350-μm depth with a maximum field of view of 800 μm. However, imaging deeper than 350 μm was fundamentally limited by multiple scattering from planes away from the region of focus. In addition, the high NA optics of 0.7 were needed to achieve 5-μm axial resolution experimentally measured at 1064 nm while the NA was enough to obtain 1-μm lateral resolution. 6 In labelfree TPFM, the imaging depth is limited by intrinsically weak autofluorescence signals whose intensity is further reduced by absorption as a function of depth. Masters et al. detected the autofluorescence of human skin with depths down to 200 μm using a two-photon femtosecond laser-scanning microscope. 7 Optical coherence tomography (OCT) is a technology applicable to noninvasive medical imaging that allows high-resolution visualization of microstructural morphology of tissues. 8 Many investigations using OCT have been performed to image subsurface layers and structures of skin including the epidermis, dermal-epidermal junction, dermis, hair follicles, blood vessels, and sweat ducts. [9] [10] [11] [12] [13] [14] A number of clinical studies have suggested that OCT might be useful for noninvasive diagnosis of skin disorders such as inflammatory and bullous skin diseases and to assess wound healing. 15, 16 Several reports to date have examined the use of OCT imaging of NMSC. Previous studies demonstrate OCT images of BCC, SCC, and actinic keratoses (AK) and have correlated these findings with standard histology. [17] [18] [19] [20] [21] [22] [23] [24] [25] The ability of OCT to differentiate NMSC lesions from normal skin has also been assessed in the clinical setting using observer-blinded evaluation by dermatologists and pathologists. 26 To date, however, most of the clinical investigations in skin disease using OCT have used two-dimensional (2-D) images or relatively low resolution. Initial reports using OCT for skin imaging revealed significantly improved resolution over high-frequency ultrasound imaging, as well as better imaging depth and field of view than with RCSM or TPFM. Nonetheless, conventional OCT does not provide histology level resolution compared with RCSM and TPFM. To overcome this weakness, OCT can use a high NA objective similar to confocal microscopy to achieve cellular lateral resolution. Combined with phase modulation in time domain in vivo, en face cellular imaging is possible at specific depths, which is called optical coherence microscopy (OCM). 27 However, this accomplishment does not enable in vivo volumetric imaging ranging from the surface of the skin through the dermis given the limited depth of focus and acquisition speed. 28 Fourier-domain OCM, which is much faster than time-domain OCM, does not enable cellular volumetric imaging in sufficient depth of skin without fast refocusing and fusing. Full-field OCT is an approach to achieve cellular-level lateral resolution in vivo volumetric imaging. However, full-field OCT has ∼20 dB lower sensitivity compared with conventional FD-OCT. As such, full-field OCT is limited in its application to weakly scattering media such as the Xenopus tadpole or the cornea, or ex vivo imaging. To achieve additional contrast of specific cutaneous structures, several functional extensions to conventional OCT has been applied: phase-resolved Doppler OCT to measure blood flow. 30, 31 polarization-sensitive OCT to visualize birefringence properties of skin, 32 particularly connective tissue, and elastographic OCT to image the local variations of stiffness. 33 The combination of multiple imaging modalities can also be considered to achieve complimentary contrast, which may be helpful to improve the sensitivity and specificity of skin tumor diagnosis. The combination of OCT and TPFM is capable of providing biochemical specificity in addition to morphologic structure of skin. 34 Photoacoustic tomography (PAT) detects acoustic signals generated by optical absorption of nanosecond laser pulses within tissue with a spatial resolution in the order of tens of micrometers and a penetration depth of several millimeters. PAT is efficient at visualizing vasculature with hemoglobin, which is an optical absorber in skin. Recently OCT combined with PAT shows high-resolution structure together with cutaneous vasculature of in-vivo human skin. 35 Regardless of the type of extension or multimodality, the improvement in capability of OCT itself will enhance the overall performance of the combined system.
In OCT, axial and lateral resolution required for volumetric reconstruction are determined by the source coherence length and the NA of the objective lens, respectively. Axial resolution can be improved by use of a broadband light source such as that of an ultrashort pulse laser or a supercontinuum source. On the other hand, the improvement in lateral resolution is not straightforward given that there is a trade-off between lateral resolution and depth of focus. Various methods have been investigated to achieve more depth of focus than the confocal parameter of the focusing Gaussian beam by the objective optics. Among current methods, Gabor domain optical coherence microscopy (GD-OCM) has been reported as a solution to achieve histology grade volumetric images for in vivo clinical applications. 36 GD-OCM utilizes combined coherence and confocal gating to achieve high-contrast imaging and axial resolution (i.e., 2 μm) with relatively low-NA (i.e., 0.2) and weak confocal sectioning while still maintaining sufficient lateral resolution (i.e., 2 μm) to image cells within the depth of focus of the lens around the focus point of the optics. The dynamic focusing allows us to acquire multiple sections in depth at invariant lateral resolution. The microscope objective incorporated in the system has large field of view (i.e., 2 mm) maintaining 2-μm lateral resolution. GD-OCM also has the superior ability to reject out-of-focus light with a tight coherence gate and can as a consequence go well beyond 500 μm in human skin tissue. 37, 38 In this paper, we apply volumetric GD-OCM at cellular resolution to the morphologic investigation of ex vivo NMSC. We also show cellular resolution 3-D images of different anatomic locations of in vivo normal skin such as a nailfold, forearm, and fingertip. To our knowledge, this report is the first to obtain cellular OCM images of 3-D features in normal and abnormal skin (i.e., BCC and SCC).
Methods

Skin Samples
For this study, one biopsy-proven BCC from the nose and two biopsy-proven SCCs from the ear and cheek were obtained as discarded debulking specimens from Mohs micrographic surgical excisions. Three normal skin samples from equivalent locations (i.e., nose, ear, and cheek) were used as comparisons for the three NMSCs. Patient information was unknown with the exception of gender and age. The excised samples were immediately placed on ice and transported to the imaging laboratory at the University of Rochester within 3 h of excision. All imaging was conducted by applying the objective lens to the skin after application of ultrasound gel for index matching. For in vivo imaging, healthy skin located in the nailfold, fingertip, and forearm of two volunteers were imaged. Use of discarded skin samples was approved by the University of Rochester Research Subjects Review Board.
Imaging Parameters
The imaging system with micron-class resolution of 2 μm axially and laterally in skin tissue consists of a Titanium:Sapphire femtosecond laser centered at 800 nm with 120 nm full width half maximum (FWHM) (Integral, Femtolasers, Inc.), a custom liquid-lens-based 3-D scanning microscope, 38 a broadband custom-made fiber coupler (NSF-DARPA/PTAP), a custom dispersion compensator, 39 and a custom spectrometer with a high-speed CMOS line camera (spl8192-70 km, Basler Inc). 40 To achieve the axial resolution of 2 μm using a 1050 or 1300 nm source, a bandwidth of 207 nm FWHM or 316 nm FWHM would be required, respectively. The extended bandwidth would limit the selection of an appropriate source, spectrometer, and optics. In addition, it would be more difficult to compensate the overall dispersion to secure the resolution in a fiber-based system. To achieve 2-μm lateral resolution, a relatively lower NA of the objective is needed with a wavelength of 800 nm compared with the wavelengths 1050 and 1300 nm. At constant lateral resolution, the depth of focus decreases as the inverse of the wavelength. Therefore, using a longer wavelength also gives the challenge of needing more zones in depth, which will limit the overall imaging speed. Although OCT at 1050 or 1300 nm gets deeper imaging compared with OCT at 800 nm, the latter can obtain relatively high speed imaging at 2-μm resolution over 500 μm deep, which is sufficient to image the epidermis (∼100 μm-∼ 200 μm for facial skin) where skin cancer generally develops. Spectra were acquired with an exposure time of 48 μs and a readout speed of 10 k spectra∕s. We acquired six volumes from the same 1000 × 1000 × 600 μm 3 portion of a skin tissue with a sampling interval of 1 μm for 10 min, which corresponds to a total of 6 × 1000 × 1000 Ascans spectra. The six volumes were taken relative to a shifted focal plane with 100 μm separation. Using the 100 μm separation between focal planes, over a depth of 60 μm there is 2-μm lateral resolution, and the remaining imaging depth (i.e., 40 μm) supports 3-μm lateral resolution measured as a minimum of 20% contrast criterion. 41 The lateral scale ðx; yÞ of images was determined with the scanned length by the two galvanometer based mirrors. The optical depths (z) of the structure were first measured with optical path differences between the reference arm and the structures in the sample and the optical depths were then rescaled to the physical depths of the images by dividing them with the average refractive index 1.4 of epidermis and dermis at 800 nm. 42 The six volume images were reconstructed in post-processing into one volume using the Gabor-based fusion technique. 37 All acquisition and post-processing including interpolation, fast Fourier transform, and fusion were done using Labview software that was run on a PC equipped with a 64-bit processor and Windows 7 operating system to secure sufficient computer memory.
Results
In Vivo 3-D High-Resolution Images of Normal Skin
Three orthogonal views in a 3-D volume of in vivo normal nailfold skin acquired using GD-OCM are shown in Fig. 1(a) . The imaged area of the in vivo nailfold corresponds with a red-line box in the schematic located in the right-bottom corner of Fig. 1(a) . The cross-sectional GD-OCM images of the x-z plane and the y-z plane [i.e., left-up and right-up images in Fig. 1(a) ] clearly delineate the features of papillary capillary loops as well as the cornified layer, germinal layer of the epidermis, and subpapillary venules. The en face image of x-y plane [i.e., left-bottom image in Fig. 1(a) ] shows dead keratinocytes in the cornified layer at the corresponding depth indicated in the x-z cross-sectional image in Fig. 1(a) . The en face image Fig. 1(b) at the depth of viable epidermis shows viable keratinocyte aggregates. Capillary loops extending vertically in the dermis are observed as small black spots in Fig. 1(c) . The black streaks in Fig. 1(d) represent the subpapillary venules in the dermis. A volume rendered movie of in-vivo 3-D normal nailfold skin with a volume of 2 × 1 × 0.6 mm 3 (x − y − z) is shown in Fig. 1(e) . Figure 2 (a) shows three orthogonal views in a 3-D volume of in vivo normal fingertip skin. In the cross-sectional GD-OCM images of x-z plane and y-z plane [i.e., left-up and right-up images in Fig. 2(a) ], the stratum corneum of the fingertip is clearly visible with the border between the viable epidermis and stratum corneum. The en face image [i.e., left-bottom image in Fig. 2(a) ] shows dead keratinocytes together with some bright spots of sweat ducts in the stratum corneum on the ridge of the fingerprint at the corresponding depth indicated in the x-z cross-sectional image in Fig. 2(a) . The en face image Fig. 2(b) at the depth of viable epidermis shows viable keratinocyte aggregates on the ridge of the fringe depicted as brighter areas. The fringe comes from the undulations formed by dermal papilla. In Fig. 2(c) , two white streaks correspond to the viable epidermis where keratinocytes are seen. The blood vessels appear as signal-free round features. A volume rendered movie of in-vivo 3-D normal fingertip skin with a volume of 2 × 1 × 0.6 mm 3 (x-y-z) is shown in Fig. 2(d) . Figure 2 (e) shows a snap shot of a 3-D volume rendered with a max intensity renderer. The spiral sweat ducts were clearly visualized by their strong scattering.
Three orthogonal views of in vivo normal forearm skin were shown in Fig. 3(a) . The cross-sectional images of x-z plane and y-z plane [i.e., left-up and right-up images in Fig. 3(a) ] clearly delineate some signal-free cavities and longish structures corresponding with blood vessels in the dermis. A lattice pattern of Fig. 4 (a) A cross-sectional GD-OCM image of a normal nose skin; (b), (c), and (d) are the en face images at the corresponding depth indicated with the red arrows in Fig. 4(a) , respectively; (e) a cross-sectional GD-OCM image of BCC located in nose skin; (f), (g), and (h) are the en face images at the corresponding depth indicated with the red arrows in Fig. 4(e) , respectively. The size of the cross-sectional images (a) and (e) is 1 × 0.6 mm, and the size of the en face images is 1 × 1 mm.
fingerprint lines and keratinocytes are seen in the en face image [i.e., left-bottom image in Fig. 3(a) ] at the corresponding depth indicated in the x-z cross-sectional image in Fig. 3(a) . The en face image Fig. 3(b) at the depth of dermal-epidermal junction shows small black spots corresponding with blood vessels. Figure 3 (c) and (d) at the corresponding depths indicated in Fig. 3(a) in the dermis show the extracellular matrix, predominantly composed of collagen, elastic fibers, and blood vessels. A volume rendered movie of in vivo 3-D normal forearm skin is shown in Fig. 3(e) .
Ex Vivo 3-D High-Resolution Images of Normal
Skin and NMSC
The cross-sectional GD-OCM image shown in Fig. 4 (a) of normal nose skin clearly distinguishes the epidermis from the dermis, while the BCC image in Fig. 4(e) does not have the characteristic, organized layering. In addition, dark lobules consistent with nests of tumor cells were found in the BCC image, which is indicated by the white arrow in Fig. 4 (e). Features such as disruption of skin layers and dark lobules have been observed in OCT images of NMSC in previous studies and used to differentiate NMSC from normal skin. 43, 44 Furthermore, higher signal attenuation in depth was observed in Fig. 4 (e) compared with the corresponding image of normal skin. 13 In the en face image Fig. 4(b) at the corresponding depth indicated by the red arrows in Fig. 4(a) , the numerous keratinocytes around the hair follicle are clearly observed. The en face image Fig. 4(f) of a BCC at the corresponding depth indicated by the red arrows in Fig. 4(e) does not show the organized cellular array. The en face image Fig. 4(c) of normal nose skin in the papillary dermis shows capillaries and hair follicles. The round object indicated with the black arrow in Fig. 4(c) is consistent with a sebaceous gland, as it connects through a duct to an immediately adjacent hair follicle. Clusters of dark cells, sometimes surrounded by lighter areas, are clearly observed [indicated by the white arrows in Fig. 4(g) ] and are classic features of BCC and its surrounding stroma seen in histology. The en face images of normal nose skin and BCC are shown at deeper depth in the dermis in Fig. 4 (d) and 4(h), respectively. Fig. 5(a) , respectively; (e) a cross-sectional GD-OCM image of SCC located in ear skin; (f), (g), and (h) are the en face images at the corresponding depth indicated with the red arrows in Fig. 5(e) , respectively. The size of the cross-sectional images (a) and (e) is 1 × 0.6 mm, and the size of the en face images is 1 × 1 mm. Fig. 6 (a) A cross-sectional GD-OCM image of a normal cheek skin; (b), (c), and (d) are the en face images at the corresponding depth indicated with the red arrows in Fig. 6 (a), respectively; (e) a cross-sectional GD-OCM image of SCC located in cheek skin; (f), (g), and (h) are the en face images at the corresponding depth indicated with the red arrows in Fig. 6(e) , respectively. The size of the cross-sectional images (a) and (e) is 1 × 0.6 mm, and the size of the en face images is 1 × 1 mm.
The cross-sectional image in Fig. 5(a) of normal ear skin shows the typical skin layers of the stratum corneum, epidermis and dermis. The well-defined layers are not found in the Fig. 5(e) of the SCC image but replaced by irregularly shaped masses extending into the dermis. 45 The irregularity of the tumor is clearly confirmed in the en face images in Fig. 5 (f)-5(h) at the three different depths indicated in Fig. 5(e) . However, the en face image Fig. 5(b) at a depth in the epidermis in normal ear skin shows keratinocytes in the overall image except a hair follicle and the two sweat ducts. Small black spots observed in the papillary layer in the dermis shown in Fig. 5(c) and 5(d) are inferred to be blood vessels. 14 As with the previous two cases (i.e., normal nose skin versus nose BCC and normal ear skin versus ear SCC), the characteristic layering in normal skin is disrupted in the cheek SCC image in Fig. 6(e) , while the unperturbed layers are observed in Fig. 6(a) of normal adjacent cheek skin. In addition, a network of keratinocytes [indicated by the black arrows in the en face image Fig. 6(b) ] is no longer observed in the SCC en face image Fig. 6(f) . The en face images of normal cheek skin and SCC in the dermis are shown in Fig. 6 (c) and 5(d) and Fig. 6 (g) and 6(h), respectively.
Conclusion
In this study, we investigated morphological differences between NMSC and normal skin in 3-D images with cellular resolution using GD-OCM. This imaging modality has the added capability over FD-OCT of achieving volumetric images with lateral and axial resolution of 2 μm throughout the imaging depth of over 500 μm in human skin. Features of BCC such as the disruption of normal skin layers and nests of densely packed cells were clearly shown in cross-section and en face images at different depths. Additionally, we also observed the disruption of the organized array of keratinocytes in BCC and SCC compared to normal skin. The cellular resolution imaging technique of GD-OCM was also applied to in vivo normal skin from different anatomic locations: nailfold, fingertip, and inner forearm. The acquired images clearly reveal the array of epidermal keratinocytes at the three locations as well as skin appendages such as hair follicles, ducts of sebaceous glands, sweat glands, blood vessels, and the extracellular matrix of connective tissue. Although RCSM may be appropriate for en face in vivo imaging of various skin cells and small structures at different depths, it does not deliver the resolution and the field of view of GD-OCM for the large field of view of volumetric image of the microstructures as well as the large scale structures of the skin appendages. Additionally, it is difficult to obtain in vivo vertical cross-sectional images at high axial resolution with RCSM. GD-OCM is superior to RCSM in fundamentally achieving real-time vertical cross-sectional images with higher axial resolution and deeper imaging depth. This technology has several potential clinical applications, such as in Mohs surgery, which is microscopically controlled surgery used to treat common types of skin cancer. During Mohs surgery, physicians remove successive layers of skin until tumor-free margins are obtained, examining each section microscopically while patients wait in the office for several hours. The extended imaging depth and field of view in GD-OCM will be significantly helpful to find the boundary between cancerous area and normal area to shorten this process considerably.
Follow-up clinical studies are planned for in-vivo imaging of NMSC with direct correlation to histology.
